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Abstract 

Background, aim, and scope The increasing gasoline price, 
the depletion of fossil resources, and the negative environ¬ 
mental consequences of driving with petroleum fuels have 
driven the development of alternative transport fuels. 
Bioethanol, which is converted from cellulosic feedstocks, 
has attracted increasing attention as one such alternative. 
This study assesses the environmental impact of using 
ethanol from switchgrass as transport fuel and compares the 
results with the ones of gasoline to analyze the potential of 
developing switchgrass ethanol as an environmentally 
sustainable transport fuel. 

Methods The standard framework of life cycle assessment 
from International Standards Organization was followed. 
To compare the environmental impact of driving with E10 
and E85 with gasoline, “power to wheels for 1-km driving 
of a midsize car” was defined as the functional unit. The 
product system consists of all relevant processes, from 
agriculture of switchgrass, throughout the production of 
ethanol, blending ethanol with gasoline to produce E85 and 
E10, to the final vehicle operations. The transport of all 
products and chemicals is also included in the system 
boundaries. An allocation based on energy content was 
applied as a baseline, and market price-based allocation was 
applied for a sensitivity analysis. 

Results and discussion With regard to global warming 
potential, driving with switchgrass ethanol fuels leads to 
less greenhouse gas (GHG) emissions than gasoline: 65% 
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reduction may be achieved in the case of E85. Except for 
global warming and resource depletion, driving with 
ethanol fuels from switchgrass does not offer environmental 
benefits in the other impact categories compared to 
gasoline. Switchgrass agriculture is the main contributor 
to eutrophication, acidification, and toxicity. Emissions 
from bioethanol production cause a greater impact in 
photochemical smog formation for ethanol-fueled driving. 
Conclusions and recommendations Switchgrass ethanol 
indeed leads to less GHG emissions than gasoline on a life 
cycle basis; however, the problem has been shifted to other 
impacts. Improvement of switchgrass yields and develop¬ 
ment of ethanol production technologies may be the key to 
lower environmental impact in the future. For a more 
comprehensive evaluation of using bioethanol as transport 
fuel, more impact categories need to be included in the life 
cycle impact assessment. A comparison with bioethanol 
from other feedstocks, based on similar methodological 
choices and background data, would provide more insight 
in the environmental benefits of switchgrass as a feedstock. 

Keywords Bioethanol • Environmental impact • Gasoline • 
E10 • E85 • Switchgrass 

1 Introduction 

An increasing demand for energy has led to an increase in 
the price of crude oil and an increased risk for depletion of 
fossil resources (Energy Information Administration 2009). 
The development of biofuels as transport fuel has the potential 
to reduce both greenhouse gas (GHG) emissions and the 
reliance on fossil fuels. Bioethanol is the most common 
biofuel, which has a large potential to substitute gasoline as a 
transport fuel. So far, many studies on the life cycle assessment 
of bioethanol as transport fuel focus on first-generation 
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bioethanol, which is converted from conventional crops, such 
as com, wheat, sugar cane, and sugar beet (Halleux et al. 2008; 
Luo et al. 2009b; Patyk and Reinhardt 2002; Shapouri and 
McAloon 2002). It has been signaled that producing energy 
from such crops is very land and water intensive (Nguyen 
and Gheewala 2008; Renouf et al. 2008; Silalertmksa and 
Gheewala 2009). Global demand for food is expected to keep 
increasing in the future (Rosegrant et al. 2001), and demand 
for transportation fuels is expected to increase even more 
rapidly (Energy Information Administration 2009), which 
implies a potential competition between land for food and 
land for energy. 

To avoid conflict in demand between food and energy, 
cellulosic technology has been developed recently to 
convert ethanol from lignocelluloses rather than sugar or 
starch (Faaij 2006). The application of second-generation 
bioethanol has the potential to reduce fossil fuel use and 
achieve better environmental performance, while at the 
same time avoiding competition with food supply, as 
cellulosic feedstocks are mainly from agriculture residues 
and lignocellulosic plants which do not need the same soil 
fertility as for conventional crops. Some life cycle assess¬ 
ment (LCA) studies of second-generation bioethanol as 
transport fuels have been conducted, and the feedstocks are 
mainly bagasse, com stover, and switchgrass (Kadam 2002; 
Luo et al. 2009a; Sheehan et al. 2004; Spatari et al. 2005; 
Wu et al. 2006). Switchgrass (Panicum virgatum), a warm 
season grass, is not a food supply; thus, it is one of the 
popular lignocellulosic feedstocks for second-generation 
ethanol production. Although it is not a residue but a crop, 
it can be grown on marginal lands which cannot be used for 
food production. Since switchgrass does not need high soil 
nutrient concentrations, it does not have the annual prepara¬ 
tion requirements and requires less chemical inputs than food 
crops (Mitchell et al. 2008; Sokhansanj et al. 2009). 

Previous LCA studies of switchgrass ethanol focus on 
greenhouse gas emissions. The research by Spatari et al. 
(2005) shows that, compared to gasoline, GHG emissions 
reduction can reach 57% when using E85 for vehicle driving, 
and greater reduction can be achieved in the future for the 
improvement of the yield of switchgrass and ethanol 
production. Wu et al. (2006) use the Greenhouse gases, 
Regulated Emissions, and Energy use in Transportation model 
to analyze the life cycle GHG emissions of transport fuel from 
switchgrass, and the results indicate that, for E85, the GHG 
reductions were 60-62% compared to gasoline. Without regard 
to final vehicle operations by ethanol fuels, LCA studies even 
show a reduction of GHG emissions of 94% per megajoule on 
average, compared to gasoline (Schmer et al. 2008). 

However, the environmental impacts of switchgrass 
ethanol as transport fuel do not only include global warming. 
Other impact categories should also be taken into account to 
evaluate the switchgrass ethanol as transport fuels compre¬ 


hensively. This study carries out a life cycle assessment on 
switchgrass ethanol to evaluate the environmental perfor¬ 
mance of using ethanol as transport fuel compared with 
gasoline with a more complete set of impacts. 

2 Methodology 

2.1 Functional unit and alternatives 

The functional unit in this study is defined as “power to 
wheels for 1-km driving of a midsize car”. Neither the 
production nor the disposal of the car is taken into account 
but only its energy requirements in driving, similar to the 
assumptions by Luo et al. (2009b). For the usage of ethanol 
as transport fuel, two applications were reported (Fu et al. 
2003). The first one is that, for a standard gasoline engine, 
typically 5% to 20% ethanol mixed in gasoline can be used 
directly. The other is blending high percentage (85% to 100%) 
ethanol into gasoline. For the latter application, specific 
flexible fueled vehicles with internal combustion engine 
designed to run on more than one fuel are required. With the 
progress of vehicle design and transport fuel using bioethanol 
in the future, E10 as well as E85 are taken into account in this 
study. Pure ethanol is also considered, but only as a reference, 
and conventional transport fuel gasoline is included for 
comparative purpose. Therefore, the alternative systems in 
this study consist of El00, E85, E10, and gasoline. 

2.2 System boundaries 

Figure 1 shows the product system including all relevant 
processes, from agriculture of switchgrass, throughout the 
production of pure ethanol, E85, and E10, to final vehicle 
operations, and all transport sections. 

The switchgrass agriculture process was built on the base 
case scenario of switchgrass from the report by Bullard and 
Metcalfe (2001). However, to provide a more realistic 
approach in the management of switchgrass agriculture, 
one modification was made: in the base case, the fertilizer 
input is applied only in the preparation year, but from the 
literature, it appears that application also in the other 
harvesting years is more realistic. Annually, 100 kg per 
hectare of nitrogen fertilizers are assumed to be applied. The 
inputs, outputs, and emissions associated to the agricultural 
activities are summarized in Tables 1 and 2, respectively. 

The technical data of the ethanol production plant can be 
found in the report by Guerra Miguez et al. (2009). The 
conversion of switchgrass to ethanol consists of four steps: 
feedstock pretreatment, enzyme hydrolysis, fermentation, and 
production recovery. An ammonia fiber explosion operation 
was chosen and optimized to recover 99% ammonia that is 
used for pretreatment, and simultaneous saccharification and 
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Fertilizers Herbicide 


Lime 


Manganese? 



Fig. 1 The life cycle of ethanol from switchgrass 


cofermentation operation is used to produce ethanol. The 
technical data used for the production of the cellulase enzyme 
are obtained from Wooley et al. (1999). The different wastes 
produced during the process are used in a cogeneration unit 
in order to supply all the steam and electricity required in the 
plant. The surplus electricity is the coproduct from the final 


step and can be sold to the local grid (Guerra Miguez et al. 
2009). The end-use stage of ethanol fuel life cycle is fuel 
combustion via vehicle operation. In this unit process, a 
midsize car was chosen, and only tailpipe emissions are 
taken into account to serve the purpose of this study— 
ethanol as transport fuel. 
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Table 1 Agricultural inputs and 

outputs over 20 years ^oil preparation (year 1 ) 

Seed 

Fertilizer—ammonium nitrate 
Fertilizer—P 2 O 5 
Fertilizer—K 2 0 
Lime 

Herbicide—advance (bromoxynil/ioxynil/fluroxypyr) 
Herbicide—trifolex-tra (MCPA+MCPB) 

Herbicide—isoproturon 
Yield 

Production (year 2-20) 

Fertilizer—ammonium nitrate 
Manganese (MnS04) 

Herbicide—advance (bromoxynil/ioxynil/fluroxypyr) 
Herbicide—trifolex-tra (MCPA+MCPB) 

Herbicide—isoproturon 
Yield (25% moisture) 


a C content is 42% w/w 

b The energy content corresponds 
to the upper heating value of the 
dry biomass 


Total yield over 20 years (25% moisture) 

C0 2 from air 

Energy 


10 kg/ha 
100 kg/ha 
40 kg/ha 
80 kg/ha 
3,000 kg/ha 
2 kg/ha 
7.7 kg/ha 
2 kg/ha 
0 t/ha 

100 kg/ha 
4 kg/ha 
2 kg/ha 
7.7 kg/ha 
2 kg/ha 

year 2 and 3: 12 t/ha 
year 4-20: 16 t/ha 
296,000 t/ha 
1.54 kg/kg DM a 
17 MJ/kg DM b 


The transport of materials and products is by road using 
lorry with various loading capacities. The distances 
between switchgrass farm and ethanol production plant 
as well as between ethanol plant and the refinery are both 


assumed to be 20 km. The transport distance of the 
regional storage from the refinery is following the data 
from ecoinvent database (http://www.ecoinvent.org/), 
which is 33.7 km. 


Table 2 Environmental emissions in switchgrass agriculture over 20 years 


Soil preparation (year 1) Production (year 2-20) 


Total 20 years 


Nitrogen oxides 

1.02 

1.02 

20.5 

Dinitrogen monoxide 

4.88 

4.88 

97.5 

Ammonia 

2.43 

2.43 

48.6 

Emissions to water (kg/ha) 




Nitrate 

48.00 

48.00 

960.00 

Phosphorus to ground water 

0.06 

0.06 

1.20 

Phosphorus to surface water 

0.28 

0.25 

5.03 

Phosphorus from erosion to surface water 

0.71 

0.71 

14.20 

Cadmium (Cd) 

3.90xl0 -5 

1.72x 10~ 6 

7.17x 10 5 

Copper (Cu) 

3.21 x l(T 3 

1.85 x 10~ 3 

3.84 x 10~ 2 

Zinc (Zn) 

1.52 x 10 -2 

5.53 x 10~ 3 

0.12 

Lead (Pb) 

2.60 x 10~ 4 

2.14x 10~ 5 

6.67 xl0“ 4 

Chromium (Cr) 

2.11 x 10 -2 

6.04 x 10~ 3 

0.14 

Emissions to soil (kg/ha) 




Cadmium (Cd) 

1.79 x 10~ 5 

7.93 x 10~ 7 

3.29 x 10 -5 

Copper (Cu) 

1.21 x io -3 

7.01 xl(T 4 

1.45 x 10 -2 

Zinc (Zn) 

2.22 xl0“ 3 

8.05 x 10~ 4 

1.75 x 10 -2 

Lead (Pb) 

7.83 xlO -4 

6.52 x 10~ 5 

2.02 x 10~ 3 

Nickel (Ni) 

1.48 x 10 -3 

7.69 x 10~ 4 

1.61 xl0“ 2 

Chromium (Cd) 

1.78 x 10 -3 

5.09 x 10~ 4 

1.14xl0“ 2 
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2.3 Life cycle inventory: data sources and software 

The data for the switchgrass agriculture are mainly from the 
report by Bullard and Metcalfe (2001). Switchgrass is 
assumed to be planted on the prepared land for 20 years; 
after which, the land needs to be prepared again. The 
emissions during cultivation were calculated by using the 
input data from the base case scenario, via the methods 
described in the ecoinvent report (Nemecek and Kagi 
2007). The data for the ethanol production process were 
taken from the study of Guerra Miguez et al. (2009), 
including the material and energy inputs and outputs, as 
well as the use of equipments. The tailpipe emissions in 
practice are very complex, due to the different vehicle 
types, road situations, and driving behaviors, etc. The data 
for tailpipe emissions of vehicle driving used in this study 
are based on a standard test procedure, covering a mix of 
driving on urban roads and on motorways, and some 
assumptions and calculations (Kelly et al. 1996; Luo et al. 
2009a; Reading et al. 2002). 

The background data were from the ecoinvent database 
version 1.3. The software tool Chain Management Life 
Cycle Assessment developed by Heijungs (2009) was used 
for inventory analysis and impact assessment. 

2.4 Life cycle inventory: allocation 

When bioethanol is produced, electricity is generated as a 
coproduct. For multifunctional systems in LCA, allocating the 
material and energy inputs and environmental emissions 
between the main product and coproducts/by-products is a 
vital issue. There is a stepwise allocation procedure in ISO 
14044 (2006). Since the system has multiple outputs, we have 
to find a way to account for the coproduct as well. This can be 
done by systems expansion as applied by Luo et al. (2009a). It 
can also be done by physical or economic allocation. In line 


with EU Directive (Directive 2009; 2009/28/EC 2009), we 
use coproduct allocation based on the energy content of the 
two products—ethanol and electricity. As allocation based 
on mass is not applicable in this case, a sensitivity analysis 
using economic allocation was conducted. 

In this study, allocation based on energy value of ethanol 
and electricity was applied, in line with EU Directive 2009 
(2009/28/EC 2009). However, in order to understand the 
influence of different allocation methods in LCA study, 
economic allocation based on market prices was also 
applied and compared with energy-based partition. 

2.5 Life cycle impact assessment 

The following environmental impact categories have been 
assessed: 

• Abiotic depletion potential (ADP) 

• Global warming potential (GWP) 

• Ozone depletion potential (ODP) 

• Photochemical oxidation potential (POCP) 

• Acidification potential (AP) 

• Eutrophication potential (EP) 

• Human toxicity potential (HTP) 

• Ecotoxicity potential (ETP) 

2.6 Interpretation 

The choices and assumptions made during the analysis in 
this study were evaluated. A contribution analysis is 
performed to understand the contributions of specific 
pollutants and production processes to the total impact 
scores, and to find the reasons of the changes of environ¬ 
mental impacts from gasoline fueled to ethanol-fueled 
vehicle driving. Furthermore, various sensitivity analyses, 
determining the influence of the variations in assumptions, 


Fig. 2 Contributions of the 
main processes to global warm¬ 
ing potential using all four 
fuels 
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Fuel Type 


Ozone Layer Depletion Potential (ODP) 



Fuel Type 



Fuel Type 



Fuel Type 


Photochemical Oxidation Potential (POCP) 



Fuel Type 



Fuel Type 




Fuel Type Fuel Type 

Fig. 3 Overall comparison results of the environmental impact of gasoline, E10, E85, and El00 


Table 3 Comparison results of 
E10 and E85 in GWP with 


Partitioning factor 


GWP of 1-km driving (kg C0 2 eq.) 

different allocation methods 


Ethanol 

Electricity 

E10 

E85 


Energy allocation 

0.855 

0.145 

0.241 

0.090 


Economic allocation 

0.742 

0.258 

0.240 

0.075 
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-> P emissions to water 


^ Heavy metal 
emissions to water 


Heavy metal 
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d Base scenario : including soil preparation 


b Alternative scenario : excluding soil preparation 


Fig. 4 The differences between two scenarios, a Including soil preparation, b Excluding soil preparation 


method choices, and process data on the results, have been 
applied (Guinee et al. 2002; ISO 14040 2006). 

3 Results and discussion 

3.1 LCA results 

The comparative results from the LCA of ethanol fuel and 
gasoline are shown in Figs. 2 and 3. 

GHG mitigation is one of the most important issues 
globally. As can be seen in Fig. 2, switchgrass-derived 
ethanol as transport fuel produces less GHG emissions than 
conventional gasoline, and driving with E85 reduces 
substantially more GHG emissions than with E10. The 
primary (and obvious) reason of this significant decrease is 
the large amount of C0 2 uptake in switchgrass agriculture. 
When driving with E10, about 5% reduction of GWP is 
achieved compared to gasoline. A significant reduction of 
GHG emissions (65%) is achieved when driving with E85. 
In this result, the difference in fuel efficiency is even 


included: for driving 1 km with E85, 0.099 kg of fuel is 
required, which is much larger than the 0.0665 kg of 
gasoline. With regard to abiotic resource depletion, replac¬ 
ing gasoline by fuel ethanol reduces the use of crude oil, 
which is the primary source for gasoline production. 
Emissions from crude oil production are avoided, causing 
a significant decrease in impacts in terms of ODP for 
ethanol-fueled driving. 

Figure 3 indicates that, except for GWP, ADP, and ODP, 
driving with ethanol fuel from switchgrass does not offer 
advantages over gasoline regarding other environmental 
impacts. On the contrary, emissions in these impact categories 
are substantially higher. The higher level of photochemical 
oxidation caused by using ethanol fuels is mainly due to the 
acetaldehyde emission during bioethanol fermentation, which 
contributes 77% to POCP of vehicle driving with E85. The 
higher eutrophication score comes from switchgrass agricul¬ 
ture, especially the nitrate leaching to ground water and NO x 
to air from N fertilizer application. Agriculture is also the 
main contributor to human and ecotoxicity, due to the use of 
agrochemicals. 


Table 4 Comparison results of 
environmental impacts for 

Impact category 

Unit 

Base scenario 

Alternative scenario 

Range(%) 

1 -km driving by El00 in two 
scenarios 

ADP 

kg antimony eq. 

6.79x10' 4 

6.52 xl0“ 4 

-3.98 


GWP 

kg C0 2 eq. 

8.96 xl0“ 2 

8.14x 10 -2 

-9.15 

OPD 

kg CFC-11 eq. 

2.18x 10 -8 

2.15 xl0“ 8 

-1.37 

POCP 

kg ethylene eq. 

5.91 xl()“ 4 

5.86 x 1(T 4 

-0.85 

AP 

kg S0 2 eq. 

7.52 x 1(T 4 

7.03 xlO -4 

-6.52 

EP 

kg P0 4 eq. 

2.69 xl0“ 4 

2.51 xio -4 

-6.69 

HTP 

kg 1,4-DCB eq. 

3.22 xl0“ 2 

2.89 xlO -2 

-10.3 

ETP 

kg 1,4-DCB eq. 

6.33 x 1(T 3 

5.75 x 10~ 3 

-9.12 
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The result for acidification deserves special attention. 
Driving 1 km with E10 leads to the lowest impact in all 
alternative-fueled driving, lower than both gasoline and 
E85/E100. This can be explained as follows: AP is largely 
contributed by the upstream emissions of ammonia from 
agriculture and sulfur dioxide (S0 2 ) from oil refinery, and 
the downstream emissions of nitrogen oxides (NO x ) from 
vehicle driving. The impact of ammonia from agriculture is 
more significant than S0 2 from oil refinery. Thus, when 
shifting from gasoline to ethanol fuel for vehicle driving, 
the resulting AP level should increase. However, since in 
E10 only a small amount of ethanol is blended into 
gasoline, the difference in their upstream emissions is 
insignificant. The downstream NO x emissions are rather 
higher for gasoline on a per liter basis, but for the ethanol 
blends also show an increase proportional to the amount of 
fuel used to drive. The amount needed to drive 1 km is 
significantly higher in E85 and El00 than it is in E10. All 
these different mechanisms result in the lowest score 
(optimum fuel composition) for E10. 

3.2 Sensitivity analysis 

3.2.1 Allocation method 

The multifunctionality in this study occurs in the ethanol 
production process, in which electricity is coproduced. The 
partitioning ratio between ethanol and electricity is calcu¬ 
lated to be 0.855/0.145 when applying allocation based on 
the energy content of the products. As stated in ISO 14040- 
44 series (2006), whenever more than one allocation 
method can be applied, a sensitivity analysis is required. 
In this case, economic allocation can also be applied; a 
sensitivity analysis was conducted for comparative purpo¬ 
ses. The average price of ethanol and electricity are taken as 
0.357 €/kg and 0.01€/kWh, respectively (Lynd et al. 2005); 
thus, the allocation ratio between ethanol and electricity is 
0.742/0.258. The resulting GWP for driving 1 km with E10 
and E85 is given in Table 3. 

The results indicate that the choice of allocation methods 
has influence on the outcomes. GWP is used here to give an 


example of this effect. As allocation occurs in the ethanol 
production process, the influence of allocation method on 
GWP on driving with E85 is larger than E10. When driving 
1 km with E85, 17% reduction of GHG emission is 
achieved by switching from energy content to economic 
values-based allocation. The analogous results are also 
observed in other impact categories. 

3.2.2 Soil preparation 

As switchgrass is a newly developed feedstock for 
bioethanol production, for the base scenario in this study, 
a key step in switchgrass agriculture is the soil preparation 
before planting and harvesting for large-scale production. In 
this case scenario, the first year is used only for land 
preparation; the switchgrass yield for the second and third 
year is assumed to be 12 and 16 t/ha in the consequent 
years. For large-scale production of conventional crops 
such as com and sugar cane, such land preparations are 
usually not taken into account. In order to observe the effect 
of soil preparation on the outcomes, an alternative scenario 
in which soil preparation is excluded was assumed for 
sensitivity analysis. In this alternative scenario, 100 kg/ha 
N fertilizer is applied as one important input every year, and 
herbicides for weeding and manganese for soil buffer are 
applied annually. The switchgrass yield is assumed to be 
16 t/ha (with 25% moisture) per year. The soil preparation 
year without harvesting of switchgrass is outside the system 
boundary. The two scenarios including and excluding soil 
preparation are shown graphically in Fig. 4, and the 
comparative results are given in Table 4. 

The results indicate that excluding soil preparation leads 
to better results from the perspective of GHG emissions 
reduction. The first reason is that some farming activities 
are only performed for soil preparation, like hoeing and 
plowing. These farming activities, which cause C0 2 and 
N 2 0 emissions, are excluded in the alternative scenario. 
The second one is that the average switchgrass yield is 
higher in the alternative scenario than the one in the base 
case—meaningless GHG are emitted per kilogram of 
switchgrass. The resulting GHG emission of 1-km driving 


Table 5 Comparison results of 
environmental impacts and 
increases of E85 with different 
transport distances 


Impact category 

Unit 

20 km 

40 km 


80 km 


ADP 

kg antimony eq. 

6.79 x 1(T 4 

6.97 x KT 4 

+2.65% 

7.31 x 10 -4 

+7.66% 

GWP 

kg C0 2 eq. 

8.96 x 1(T 2 

9.16xl0“ 2 

+2.23% 

9.57 x 10~ 2 

+6.81% 

OPD 

kg CFC-11 eq. 

2.18x 1(T 8 

2.22 x 1(T 8 

+1.83% 

2.28 x 10 -8 

+4.59% 

POCP 

kg ethylene eq. 

5.91 x 1(T 4 

5.96 x KT 4 

+0.93% 

6.03 x 10 -4 

+2.03% 

AP 

kg S0 2 eq. 

7.52 xl0“ 4 

7.61 xl0“ 4 

+1.23% 

7.86 x 10 -4 

+4.52% 

EP 

kg P0 4 eq. 

2.69 xl0“ 4 

2.72 x 10 -4 

+0.94% 

2.75 xlO -4 

+2.23% 

HTP 

kg 1,4-DCB eq. 

3.22 xlO -2 

3.24 xlO -2 

+0.68% 

3.29 xlO -2 

+2.17% 

ETP 

kg 1,4-DCB eq. 

6.33 xl0“ 3 

6.42 x 1 Cf 3 

+1.46% 

6.58 xlO -3 

+3.93% 
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with El00 is 9% lower than the one in the base case. 
However, the change of driving with E10 is rather small, 
since only 10% (v/v) bioethanol is mixed with gasoline. 
Similar reductions can be observed in the other impact 
categories. Besides GWP, other two large reductions appear 
in HTP and ETP, because of the reduction of heavy metal 
emissions from fertilizers and lime application in the 
switchgrass agriculture. The main reason for the reduction 
in acidification potential is that NO x emissions from 
agriculture in alternative scenario are much less than in 
base scenario. The primary emission in eutrophication is the 
phosphate and phosphorus emissions, and in the alternative 
scenario, no P fertilizers are applied in production years. 
The changes of ODP and POCP are very small as the main 
contributor to these two impacts is the ethanol production 
process. 

3.2.3 Transport distance 

The transport distances assumed are important for the 
outcomes, as lorries fueled with diesel are the major 
transport vehicles, which lead to significant environmental 
impact. Since the system under study has not been 
established in practice, the transport distances both from 
the switchgrass farm to the ethanol production plant and 
from the ethanol to the oil refinery are assumed to be 
20 km. The sensitivity of transport distance was analyzed to 
see the influence of the transport section in this study. To 
compare with, 20-, 40-, and 80-km transport distances were 
assumed. The comparative results are shown in Table 5. 

It can be seen that the increase of transport distance leads 
to worse environmental performance in all impact catego¬ 
ries, especially with regard to the level of ADP, GWP, and 
AP. Increasing transport distances leads to higher demand 
of diesel used in lorries, which contributes largely to ADP. 
One key consequence of the increasing use of diesel is C0 2 
emissions, resulting in the increase of GWP. All these 
changes are obtained for E85-fueled driving. For E10- 
fueled driving, changes occurred in all impact categories 
are only up to 1%. 

4 Conclusions and recommendations 

In this study, the LCA methodology was used to evaluate 
ethanol from switchgrass as a transport fuel on its 
environmental performance. The assessment results indicate 
that driving with switchgrass ethanol fuel as a replacement 
of gasoline contributes to the reduction of GHG emissions 
significantly, mainly due to the C0 2 uptake from atmo¬ 
sphere in switchgrass agriculture. Driving 1 km using E85 
reduces GHG emissions by 65% compared with driving 
with gasoline. The reduction of dependency on fossil fuels 


in ethanol-fueled driving leads to a better performance on 
abiotic depletion and acidification. However, switchgrass 
ethanol fuel performs worse regarding other impacts, 
including photochemical oxidation, eutrophication, and 
human and ecotoxicity. For acidification, driving with E10 
gives the lowest impact. Sensitivity analyses show that the 
application of different allocation methods affects the LCA 
outcomes; the exclusion of soil preparation lowers the 
environmental impact of ethanol fuels, and increasing 
transport distance leads to worse performance. 

The results from this LCA study on switchgrass ethanol 
as transport fuel are comparable with other LCA studies on 
second-generation bioethanol. There are potentially signif¬ 
icant benefits offered by using ethanol derived from 
lignocellulosic feedstocks, especially in terms of GHG 
emissions (Fu et al. 2003; Kadam 2002; Luo et al. 2009a; 
Sheehan et al. 2004; Spatari et al. 2005; Wu et al. 2006). 
However, these benefits are offset by worse impacts in 
other categories, such as eutrophication, photochemical 
oxidation, and toxicity aspects. Careful management of 
switchgrass agriculture and improvements in ethanol 
production may be pathways to reduce these environmental 
impacts. 

The overall life cycle environmental performance of 
using bioethanol as transport fuel requires further research, 
in which a number of critical impacts in biofuel LCA 
studies shall be considered that are presently out of scope, 
such as water and land use. Land use change (direct: LUC, 
indirect: ILUC) can be accompanied by sometimes large 
changes in GHG emissions from soils, as Fargione et al. 
argue (2008). Searchinger et al. (2008) show that including 
GHG emissions from LUC and ILUC may change a net 
GHG benefit into a net cost. We have not attempted to 
include these emissions in this study. To do this, method¬ 
ology development in LCA is of crucial importance. 
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